MECHANISM OF PEROXISOMAL PROTEIN IMPORT

Import of Matrix Proteins
It is a generally accepted fact that the import of most proteins into the peroxisomal matrix is signal mediated. Two peroxisome-targeting signals (PTSs), termed PTS1 (a conserved C-terminal tripeptide sequence) and PTS2 (a nonapeptide sequence located near the N terminus or at internal locations in proteins), account for the transport of most polypeptides into the peroxisome matrix (5; Figure 1 ). These signals on matrix proteins are recognized in the cytosol by soluble PTS receptors, Pex5p for PTS1 proteins (13) (14) (15) (16) (17) (18) (19) (20) and Pex7p for PTS2 proteins (21) (22) (23) (24) (25) (26) (27) (28) . The receptor-cargo complexes then dock at the peroxisomal membrane with the docking proteins, Pex13p (19, (29) (30) (31) (32) and Pex14p (19, (33) (34) (35) (36) , each of which apparently forms distinct complexes with Pex5p and Pex7p (32; Figure 2 ).
Pex13p is an integral peroxisomal membrane protein (PMP) whose N and C termini are in the cytosol (32) . The C-terminal portion of Pex13p contains an SH3 domain that appears to be critical for the binding to Pex5p (29) (30) (31) . This fact has been demonstrated by using the yeast two-hybrid system, by studies showing the binding of Pex5p to the large, cytosolic, C-terminal domain of Pex13p containing the SH3 domain (29) (30) (31) , and by the use of coimmunoprecipitation experiments (32) . These studies also showed that the binding of Pex5p to Pex13p is direct.
It is interesting that the C-terminal SH3 domain of Pex13p is involved in interactions with both Pex5p and Pex14p ( Figure 3 ). The reverse transcriptase (RT) loop within the SH3 domain of Pex13p interacts with Pex14p via a PXXP sequence (a type II, SH3 domain-binding motif) on the latter (32, 33, 37 Figure 1 Targeting signals used by peroxisomal proteins. The PTSs are located in the boxes along with the consensus sequences, where applicable, and conserved variants are shown below these sequences. In each case, an example of a protein containing the PTS is given.
RT loop of Pex13p that disrupt interactions with Pex14p do not impair the ability of Pex13p to interact with Pex5p. Thus, the binding interactions of Pex5p and Pex14p with the SH3 domain of Pex13p must be at least partially nonoverlapping (32) . No PXXP motif has been found on Pex5p, so the peptide sequences involved in the Pex5p-Pex13p interaction remain obscure. One cannot rule out the presence of noncanonical binding sites for SH3 domain proteins as described recently for the interaction of an SH3 protein called Eps8 with a PXXDY sequence (38) . In contrast to the direct binding of Pex5p to Pex13p, it is not known whether the interaction between Pex7p and Pex13p is direct or indirect. These two proteins, Pex7p and Pex13p, from Saccharomyces cerevisiae interact in the yeast two-hybrid system in wild-type strains and are found together in coimmunoprecipitates even in the absence of Pex5p and/or Pex14p (32) . Furthermore, overexpression of Pex13p suppresses a defective Pex7p. Finally, because Pex13p mutants that fail to interact with Pex14p can still form a complex with Pex7p, it has been suggested that the N-terminal domain of Pex13p (not the C-terminal SH3 domain) forms a complex with Pex7p (32) .
Integral PMPs
Pex14p forms complexes with several proteins, such as Pex3p, Pex5p, Pex7p, Pex8p, Pex13p, and Pex17p (32, 33, 39 ; MA Johnson, WB Snyder, M Veenhuis, S Subramani, J Cregg, unpublished data; Figure 3 ). These interactions have been detected using the yeast two-hybrid system (32, 33, 37 ; MA Johnson, WB Snyder, M Veenhuis, S Subramani, J Cregg, unpublished data) and in coimmunoprecipitated complexes (32, 33, 39 ; MA Johnson, WB Snyder, M Veenhuis, S Subramani, J Cregg, unpublished data). Pex14p appears to be peripherally associated with the peroxisomal membrane in yeasts (32, 33, 39 ; MA Johnson, WB Snyder, M Veenhuis, S Subramani, J Cregg, unpublished data), although in mammalian cells it behaves as an integral membrane protein (19, 36) . In S. cerevisiae, in which Pex14p appears to be a peripheral PMP, it was found (32) that Pex14p was cytosolic in cells lacking Pex13p, suggesting that Pex13p might anchor Pex14p on the peroxisomal membrane, in addition to its other functions. However, the interaction between the SH3 domain of Pex13p and the PXXP motif of Pex14p was not necessary for the association of Pex14p with the peroxisomal membrane. When this study was published, Pex14p was known to interact with only two other PMPs, Pex13p and Pex17p. In light of this information, it seemed surprising that S. cerevisiae Pex14p was still associated with the membrane of peroxisome remnants even in pex13 /pex17 cells expressing a Pex13p mutant (Pex13p-E320K) that could not interact with Pex14p. However, in view of more recent data showing that Pex14p can also form complexes with other integral PMPs, such as Pex3p, the association of Pex14p with the peroxisomal membrane is likely to be mediated by multiple interactions, such as those with Pex3p, Pex13p, and Pex17p (39) .
Recent experiments in Hansenula polymorpha show that Pex14p is partially phosphorylated on Ser/Thr residues (40) . In Pichia pastoris, the phosphorylation of Pex14p has also been demonstrated and appears to regulate the interaction of Pex14p with certain other peroxins. Pex13p appears to interact only with the phosphorylated form of Pex14p, whereas Pex17p interacts with both forms of Pex14p (MA Johnson, WB Snyder, M Veenhuis, S Subramani, J Cregg, unpublished data). These results suggest that certain interactions between peroxins can be regulated by protein modifications.
Pex14p is present in a membrane-associated complex with Pex17p (32, 39, 41 ), which appears to be a peripheral membrane protein in S. cerevisiae. However, in P. pastoris, Pex17p has a single transmembrane domain and a topology consistent with an N-terminal lumenal domain and a cytosolic C-terminal region (39) . The C-terminal domain has two coiled-coil regions of unknown function (39, 41) , which may mediate interactions with other peroxins containing coiled coils, such as Pex3p and Pex14p. Although Pex17p is needed for the import of matrix proteins into the peroxisomes and is a component of the peroxisome-associated docking complex, it has recently been shown in P. pastoris that this protein is also required for the efficient import of several PMPs, such as Pex3p and Pex22p, to the peroxisomal membrane. This study shows that Pex17p also has a role in the import of at least some, if not all, PMPs, leaving open the possibility that the matrix protein import defect in pex17 mutants is at least partially a secondary consequence of impaired PMP import (39) .
Other PMPs involved in matrix protein import include three zinc-binding ringfinger proteins, Pex2p, Pex10p, and Pex12p (5), as well as Pex15p (42), Pex22p (43) , and Pex23p (44) . At least one intraperoxisomal protein, Pex8p, is also required for import (45, 46) . This protein has a PTS1 sequence in S. cerevisiae and P. pastoris (45) and a PTS2 sequence in H. polymorpha (46) and is found in a complex with other peroxins, such as Pex14p (MA Johnson, WB Snyder, M Veenhuis, S Subramani, J Cregg, unpublished data) and Pex5p (46a), but its role in the import of matrix proteins is not yet understood.
Other cytosolic proteins involved in matrix protein import include heat shock proteins of the DnaK (hsp70) (47) and DnaJ (Djp1p) (48) families. The hsp70 protein binds and hydrolyzes ATP, providing at least a partial explanation for the ATP requirement during the import of peroxisomal matrix proteins. The precise roles for the heat shock proteins remain a mystery, especially because protein unfolding is not a prerequisite for matrix protein import (49) (50) (51) . Additionally, Pex18p and Pex21p are related cytosolic proteins that exist in a complex with the PTS2 receptor, Pex7p, and play a role in the import of PTS2 proteins (52) . Because Pex18p and Pex21p are related, they may fulfill overlapping functions. Consistent with this view is the observation that deletion of either the PEX18 or the PEX21 gene does not impair PTS2 protein import but deletion of both genes does. Yet another cytosolic protein, Pex20p, interacts with a part of a matrix protein, thiolase, that is outside the PTS2 region and is necessary for the dimerization of thiolase and its import into the peroxisome matrix (53) .
Previous studies have revealed that protein unfolding is not obligatory for the transport of polypeptides into the peroxisome matrix (54, 55) and that oligomeric proteins can traverse the peroxisomal membrane (49) (50) (51) . In view of this, one might wonder why the PTS receptors are not transported into the peroxisome matrix. Indeed, there are reports of the occurrence of intraperoxisomal Pex5p or Pex7p under certain circumstances (16, 22, 23) . Whether the PTS receptors found in the organelle matrix represent functional or dead-end intermediates in the normal import cycle is an open question. In the majority of reports, however, the PTS receptors are primarily cytosolic (17, 20, 24-26, 30, 56) . This requires an active mechanism of dissociation of the PTS proteins from their receptors (57) prior to the translocation of the PTS-containing protein across the peroxisomal membrane, but the details of this process are unknown.
Although folded and oligomerized proteins can enter the peroxisome lumen, there is evidence that not all proteins are fully assembled with the necessary cofactors prior to their entry into peroxisomes (58) . It has been reported that monomers of alcohol oxidase are imported into peroxisomes of methylotrophic yeasts, where they require the cofactor FAD and an uncharacterized chaperone to form enzymatically active octamers (59, 60) . These studies have hinted at the existence of intraperoxisomal chaperones. Recently, there was a report of hsp70 existing inside glyoxysomes of watermelons (61) . This is an interesting example of a single gene and mRNA apparently generating two proteins by translation from two different initiator AUG codons. Translation from the first AUG yields a longer presequence that targets reporters to the watermelon proplastids. Translation from the second AUG yields a shorter presequence with a PTS2 that is able to function in peroxisomal targeting in H. polymorpha. This PTS2 sequence is apparently nonfunctional in the context of the longer presequence (61).
Unanswered Questions Regarding Peroxisomal Matrix Protein Import
Despite the progress in defining the cytosolic and peroxisome membrane-associated components necessary for the import of matrix proteins, there remain many questions regarding this process. Why do the PTS receptors interact with two docking proteins, Pex13p and Pex14p, and do the interactions with the docking proteins occur in a sequential or simultaneous manner? Is the PTS receptor docking complex distinct from the machinery that allows protein translocation across the peroxisomal membrane? What is the nature of the translocation intermediate, and do the proteins traverse a pore or channel as they cross the membrane? How do the PTS receptors catalyze multiple rounds of import? What are the specific ATP-requiring steps in import? What roles do chaperones or factors involved in protein oligomerization or assembly play? What is the function of intraperoxisomal peroxins in matrix protein import?
Import and Assembly of Peroxisomal Membrane Proteins
For proteins to be imported into the peroxisome matrix, the integral and peripheral PMPs must be present in the peroxisomal membrane; this raises questions regarding the mechanism of assembly of PMPs. These PMPs have distinct targeting signals, called membrane PTSs (mPTSs), that have been defined in several proteins (42, 43, (62) (63) (64) (Figure 1 ). Unlike the more highly conserved PTSs, the only common feature of mPTSs is a stretch of 6 to 8 basic amino acids (42, 62, 64) . The mPTSs are often oriented topologically on the lumenal side of the peroxisomal membrane, and they may (42, 43) or may not (62) (63) (64) include an adjacent transmembrane segment.
The pathway of import of PMPs is distinct from the matrix protein import pathways because many pex mutants affect the latter but not the former. Furthermore, in vitro import studies show that peroxisomal matrix and membrane proteins have distinct biochemical characteristics, such as the requirement for ATP for the import of matrix proteins (65) (66) (67) . The existence of separate pathways for the import of peroxisomal matrix and membrane proteins is a distinguishing feature that sets peroxisomal protein sorting apart from the transport of proteins to other organelles. Because many PMPs are believed to be synthesized in the cytosol and imported posttranslationally from the cytosol directly to the peroxisomal membrane (66) (67) (68) , there must be mechanisms by which the hydrophobic transmembrane segments on the PMPs are protected and prevented from aggregating in the cytosol. The mechanisms involved in this process are completely unknown.
There are only a few mutations in yeast and mammalian cells that affect PMP import. The pex3 mutant apparently lacks all peroxisome remnants in yeasts (63, 69, 70) . These data place Pex3p at the earliest stages of peroxisome biogenesis, during which time its presence is essential for the formation of detectable peroxisome remnants, which are assumed to be precursors of the mature peroxisomes ( Figure 4) . However, the mechanism of insertion of Pex3p into the membrane of remnants is not understood. Pex3p appears to be a protein with a single transmembrane domain, a cytosolic C terminus, and a lumenal N-terminal segment, the first 40 amino acids of which contain a mPTS (63, 64) . The cytosolic domain has a putative coiled-coil motif that may be involved in protein-protein interactions with Pex14p and Pex17p. The cytosolic domain of Pex3p is positioned correctly to interact with a peroxin, Pex19p, which is predominantly cytosolic in most species and only partially peroxisome associated (71) (72) (73) (74) . In most species, Pex19p is farnesylated at the C in a C-terminal CAAX motif (71, 73, 74) . However, the farnesylation is not necessary for its functions in P. pastoris (72) , nor is it absolutely required in S. cerevisiae (71) .
In S. cerevisiae and in human patient cells lacking the PEX19 gene product, there were no detectable peroxisome remnants (71, 74) . However, careful analysis of the P. pastoris pex19 cells by deconvolution microscopy has indeed revealed novel vesiculotubular remnants labeled with anti-Pex3p antibodies (72) . Thus, targeting of P. pastoris Pex3p to the membranes of the remnants is still possible. Assuming that these Pex3p-containing structures found in the pex19 mutant are normal intermediates in peroxisome biogenesis, they represent a novel structure called early preperoxisomes, because they are smaller in size than the other "late preperoxisomes" that accumulate as remnants in most other pex mutants. This places one of the sites of action of Pex19p at the early preperoxisome membrane, where its interaction with Pex3p presumably occurs and is necessary for the conversion of early preperoxisomes to late preperoxisomes (Figure 4) . We use the term preperoxisome to refer to intermediates committed to becoming peroxisomes, and not other organelles, in wild-type cells.
An important clue to the possible function of Pex19p is that it interacts with many other PMPs in both yeast and mammalian cells (Figure 3 ) (39, 72; K Sacksteder, J Jones, SJ Gould, personal communication). In P. pastoris, it interacts with the PMPs Pex2p, Pex3p, Pex10p, Pex13p, Pex17p, and Pex22p (39, 72) . By analogy to the PTS receptors Pex5p and Pex7p, which are mainly cytosolic and partially peroxisome associated, it seems plausible that Pex19p shuttles PMPs from their site of synthesis in the cytosol to the peroxisome membrane. This hypothesis suggests that Pex19p might be the mPTS receptor. Preliminary results indicate that Pex19p interacts with the cytosolic domains of several PMPs (such as Pex3p, Pex13p, and Pex22p) rather than with the lumenal mPTSs (72; WB Snyder, A Koller, S Subramani, unpublished data). These results make it more likely that Pex19p is not the mPTS receptor but rather is an assembly factor for PMPs, facilitating the conversion of early to late preperoxisome intermediates. However, it remains to be proven whether Pex19 interacts with its partners in the cytosol or at the peroxisome membrane in vivo.
There is a qualitative difference between the interaction of Pex19p with Pex3p and its interaction with other PMPs. The N-terminal segment of Pex19p interacts with the C-terminal, cytosolic segment of Pex3p. In contrast, the interaction of Pex19p with many other peroxins, such as Pex10p and Pex17p, occurs via its C-terminal domain (39, 72) . Although more detailed mapping of the interaction domains is certainly necessary, this suggests that the role of the Pex19p/Pex3p interaction may be distinct from the interaction of Pex19p with other PMPs. One possibility, consistent with these data and the requirement of Pex3p for the earliest stages of peroxisome biogenesis, is that Pex3p is the docking protein on the peroxisome membrane for Pex19p. Once Pex19p is associated with the peroxisome membrane in this manner, it could then interact with the other PMPs via a different domain, as a chaperone or assembly factor, to facilitate their assembly during the conversion of early preperoxisome intermediates to the late preperoxisomes ( Figure 4) .
A third component in the biogenesis of PMPs is Pex17p, which was described earlier as a subunit of the matrix protein import complex in S. cerevisiae (41) . In P. pastoris, mutants lacking Pex17p are partially defective in the import of several PMPs (Pex3p, Pex22p, and Pex10p) to remnant-like structures (39) . Pex17p forms complexes with Pex3p, Pex14p, and Pex19p, and exists in several distinct subcomplexes (or conformational states, as detected by accessibility to crosslinkers) involving Pex17p (39) . The presence of Pex3p in immunoprecipitates with either Pex14p or Pex17p had not been detected earlier in S. cerevisiae because most of the complexes were studied after immunoprecipitation of Pex7p (32, 41) . There are separable pools of Pex3p in complexes with Pex14p, Pex17p, and Pex19p and of Pex17p in complexes with Pex14p and Pex19p. Similarly, there appear to be separable pools of Pex17p in association with either Pex5p-Pex7p, Pex3p, or Pex19p (39) .
It is interesting that, in the absence of Pex19p, several other PMPs, such as Pex3p and Pex22p, are in the membranes of remnants (72; WB Snyder, S Subramani, unpublished data). Thus, Pex19p is not involved directly in the insertion of PMPs in the membrane but rather participates in a step after membrane association. In contrast, Pex17p has a function as an assembly factor before membrane insertion of PMPs, because in its absence several PMPs remain partially cytosolic (39; Figure 4 ). It remains to be seen whether Pex17p also has a role in PMP assembly after its own association with the membrane.
A fourth component, Pex16p, has been implicated in PMP import. The Yarrowia lipolytica pex16 mutants are partially deficient in the import of a PMP, Pex2p (75) . Unfortunately, the import of other PMPs has not been analyzed in this strain. The pex16 mutant is also impaired in the import of some matrix proteins, such as isocitrate lyase, thiolase, and catalase, but not others (acyl-CoA oxidase and proteins recognized by an anti-SKL peptide antibody). In Y. lipolytica strains lacking functional Pex16p, there is an accumulation of clustered vesicular structures that are 40 to 50 nm in diameter, and occasionally larger ones (100 to 150 nm in diameter), that are labeled for peroxisomal markers, suggesting that they are remnants.
A human cell line from a Zellweger syndrome patient was mutated in human PEX16 (76) . In this cell line, no detectable peroxisome remnants were detected by indirect immunofluorescence, but it should be noted that small, vesicular remnants might have escaped detection by this technique. Notably, several PMPs (PMP70, PEX12-myc, PMP32-myc, ALDP, P70R, PEX3-myc, PEX10-myc, PEX11α-myc, and PEX13-myc) are not imported into normal peroxisomes in the human PEX16-deficient lines. However, it remains uncertain whether these unimported PMPs are truly cytosolic or are associated with small remnants that are beyond the resolution limit of conventional light microscopy. As noted above, such remnants have been found in Y. lipolytica mutants lacking Pex16p.
Although no remnants were detected in the PEX16-deficient cells, transfection or microinjection of these cells with the PEX16 cDNA resulted in the restoration of normal peroxisomes. Interestingly, a temporal analysis of the accumulation of various matrix and membrane markers in cells microinjected with the cDNA encoding PEX16-myc revealed that the import of PEX16-myc into punctate structures preceded the import of PMP70 and that the import of catalase occurred later (76) . These data are consistent with a model in which PEX16 accumulates first in nascent preperoxisomes (arising from uncharacterized and perhaps uncommitted precursor membranes), allowing the efficient import of other specific PMPs. The exact relationship of these hypothetical, mammalian precursor membranes and of the nascent preperoxisomes to the early and late preperoxisomes observed in yeasts (72) is not clear at present. We do not know at present whether the two other peroxins involved in PMP insertion into membranes, PEX3 and PEX17, are incorporated into the membranes of uncommitted precursor membranes or nascent preperoxisomes before, during, or after PEX16. In yeasts, once the early preperoxisome is assembled, the action of Pex19p and its interactions with multiple PMPs would rearrange or assemble the PMPs in the membranes of the early preperoxisomes to allow their maturation to late preperoxisomes. These late preperoxisomes accumulate as late remnants in several mutants lacking some component of the matrix protein import machinery. When this machinery is functional, import of PTS1-and PTS2-containing proteins would allow the conversion of late preperoxisomes to mature peroxisomes. This outline of a pathway for peroxisome assembly is no doubt oversimplified, and there probably coexists a pathway in which peroxisomes arise by fission and growth of preexisting peroxisomes (76) . Proteins such as PEX11α and PEX11β play a role in peroxisome fission or division in yeast and in mammalian cells (77) . Not surprisingly, overproduction of Pex11p leads to the accumulation of smaller-than-normal peroxisomes, while cells lacking Pex11p have fewer giant peroxisomes (78) .
Unanswered Questions Regarding PMP Biogenesis
Our knowledge of the mechanisms involved in the insertion of PMPs into the peroxisomal membrane is still quite fragmented and incomplete. For the PMPs that are synthesized in the cytosol and then imported into the peroxisomal membrane, how are the hydrophobic transmembrane segments sequestered and prevented from aggregating? What is the mPTS receptor, and how does it function? Are PMPs inserted into the peroxisomal membrane in the unfolded state, and, if so, how do they fold and assemble into complexes in the membrane? Do PMPs use the same translocon as do matrix proteins in the peroxisomal membrane? Do the peroxins implicated in PMP import and/or assembly act in the cytosol on newly synthesized proteins or at the peroxisome membrane? Finally, does the posttranslational import of PMPs directly from the cytosol to the peroxisome membrane hold for all PMPs?
Is There a Quality Control Pathway for Peroxisomal Membrane Proteins?
One of the peroxins, Pex4p, is a ubiquitin-conjugating enzyme (UBC) that is conserved in several yeasts (79-81) and can be found conjugated to ubiquitin tagged with a myc epitope (80) .
It is known from other systems that polyubiquitination of proteins targets them for proteolysis by the 26S proteasome (82, 83) . In contrast, monoubiquitination is involved in endocytosis (84, 85) and in protein-targeting events (86) . However, there is no previous precedent for a role for ubiquitination in the biogenesis of any organelle other than the peroxisome.
The substrate for Pex4p-mediated ubiquitination is not known. Consequently, we do not know what type of ubiquitination is involved. Pex4p is a peripheral PMP that must be held at the membrane via interactions with some other macromolecule. This has been shown to be another peroxin, Pex22p, which is an integral PMP whose N terminus is in the peroxisome lumen and whose C terminus is in the cytosol (43) . It is this C-terminal, cytosolic domain that interacts with Pex4p and anchors it on the membrane. There appears to be no detectable ubiquitination of Pex22p, so it is not the substrate for Pex4p.
A striking phenotype of both the pex4 and the pex22 strains is Pex5p instability (43, 81) . This instability of the PTS1 receptor does not extend to Pex7p, the PTS2 receptor, and therefore cannot be the sole explanation for the impairment of the PTS1 and PTS2 matrix import pathways (43) . Supporting this is the fact that, in P. pastoris, overexpression of Pex5p does not suppress the PTS1 protein import defect (43) , although in H. polymorpha such suppression has indeed been reported (81). The instability of Pex5p in the pex4 and the pex22 strains is not likely to be caused by the failure of cytosolic Pex5p to dock at the peroxisomal membrane, because in other such mutants (pex13 ) cytosolic Pex5p is not turned over. It will be interesting to see whether it is the failure of cargo-bound Pex5p to recycle for another round of import that causes its instability in the absence of Pex4p.
The role of Pex22p in anchoring the UBC Pex4p on the peroxisomal membrane is analogous to the anchoring of Ubc7p on the cytosolic side of the endoplasmic reticulum membrane by interaction with the integral membrane protein Cue1p (87, 88) . Both Cue1p and Ubc7p (as well as Ubc6p) are involved in the quality control of misfolded proteins entering the endoplasmic reticulum membrane or lumen. By analogy, it has been suggested that Pex4p may regulate the assembly or stoichiometry of PMP complexes either directly or indirectly (43; Figure 5 ). If the action of Pex4p is to ubiquitinate misfolded or nonstoichiometric PMPs and target them for degradation, then in the absence of Pex4p these PMPs would accumulate and inhibit peroxisome biogenesis. Indeed, overexpression of several PMPs, such as Pex3p and Pex14p, is known to cause a Pex phenotype (40, 89, 90) . An alternative possibility is that shown on the right, is that malfolded or nonstoichiometric PMPs (X/Y) may be ubiquitinated by the UBC Pex4p, which is held on the peroxisomal membrane by association with Pex22p. The ubiquitination (Ub) of the protein X might target it for degradation by the 26S proteasome. The alternative possibility, shown on the left, is that the malfolded or nonstoichiometric proteins (X/Y) may be degraded by a protease whose activity is kept in check by Pex4p-mediated ubiquitination. The protease modified by ubiquitin might then be a degradation target for the proteasome.
targeting to the proteasome) a protease that modulates the assembly of import complexes. In the absence of Pex4p, such a protease would be overactive and, consequently, would inhibit peroxisome biogenesis (43) . This would also explain the instability of Pex5p in pex4 or pex22 strains. Clearly, the discovery of the substrate for Pex4p and the modification catalyzed by the UBC will help in uncovering the role of this peroxin.
Interactions Among Peroxins
One of the most significant advances made in the field in the last few years has been the elucidation of the network of interactions between peroxins (Figure 3 cerevisiae Pex5p and S. cerevisiae Pex7p, were found to be bridged by S. cerevisiae Pex14p, and the interactions were lost when the two-hybrid analysis was done in a pex14 strain (32, 41) . In other instances, certain interactions may have been masked by competition with endogenous proteins but were easily detected by the use of heterologous proteins, as illustrated by the interaction between P. pastoris Pex19p and P. pastoris Pex10p (72). The results obtained using the yeast two-hybrid system have often been confirmed by the use of coimmunoprecipitation techniques, and occasionally ligand blot analyses that are aimed at studying binding interactions between partner proteins (19) . The use of cleavable cross-linkers has aided the detection of interactions that may have been transient or unstable (39, 72) . The network of interactions revealed by these studies is shown in Figure 3 .
It is striking that two peroxins, in particular, stand out in their ability to form complexes with at least half a dozen proteins. Pex14p forms complexes with Pex3p, Pex5p, Pex7p, Pex8p, Pex13p, Pex17p, and itself (MA Johnson, WB Snyder, M Veenhuis, S Subramani, J Cregg, unpublished data), and Pex19p forms complexes with many integral PMPs, such as Pex2p, Pex3p, Pex10p, Pex12p, Pex13p, Pex17p, and Pex22p (39; WB Snyder, A Koller, S Subramani, unpublished data). How these proteins interact with so many different partners is an interesting structural problem. Evidence for the existence of multiple, dynamic subcomplexes of peroxins is also accumulating, and it is likely that they play important roles in import (39) .
Another important insight that has emerged from the study of these complexes is that certain peroxins involved primarily in matrix protein import (e.g., Pex13p and Pex14p) and others involved mostly in PMP (and therefore also matrix protein) import (e.g., Pex3p and Pex17p) are found together in complexes (39) . This suggests that certain peroxins, such as Pex3p and Pex17p, may play a role in the coordination of peroxisomal matrix and membrane protein assembly.
Finally, the existence of so many interactions among peroxins and the identification of many subcomplexes suggest that the ordered assembly and disassembly of these complexes must be orchestrated. In this context, it is easy to understand why the overexpression of certain membrane-bound peroxins results in an importdeficient phenotype (40, 89, 90) . These results also stress the importance of putative factors that facilitate the assembly of PMP complexes, as well as of quality-control factors.
HUMAN PEROXISOMAL DISEASES Disorders Caused by Peroxin Mutations
The appreciation that the peroxisome is the subcellular organelle affected (92) in patients with the Zellweger cerebrohepatorenal syndrome (93) focussed attention on the role of this organelle in human disease. Since that time, clinicians have defined at least 16 human disorders connected with either peroxisomal metabolic pathways or peroxisome biogenesis, or both. These diseases, their symptoms, and their prevalence have been reviewed elsewhere (94) . All of the disorders are recessive, and with one exception (X-linked adrenoleukodystrophy) they are autosomal. Although most of the patients afflicted with these disorders eventually die, their cells can be propagated in the laboratory and examined for peroxisome-associated defects.
The molecular basis of the disorders affecting peroxisomal metabolism directly can be explained simply by the occurrence of single-gene mutations that compromise either the activity or subcellular localization of a single protein. In contrast, clues to the understanding of the pleiotropic effects of peroxisome biogenesis disorders (PBDs) such as Zellweger syndrome, neonatal adrenoleukodystrophy, and infantile Refsum disease came only in the late 1980s, when it was discovered that cells from these patients mislocalized multiple peroxisomal matrix proteins in the cytosol but targeted membrane proteins to structures termed peroxisome "ghosts" (95) . These experiments pointed to the possibility that protein import defects might cause these disorders. Evidence supporting this hypothesis came later, when Walton et al (96) showed that, while normal human fibroblasts imported microinjected peroxisomal matrix proteins into the organelle lumen, fibroblasts from patients with such disorders did not. These observations were extended to cells from other complementation groups (97) (98) (99) .
The recognition of protein import defects in the human PBDs, coupled with the use of genetic strategies for the generation of pex mutants of CHO cells, allowed the use of functional complementation for the isolation of the first mammalian PEX gene (PEX2) (100) . The connection of this gene to a human PBD came soon thereafter (101). In the period since 1992, the confluence of three sets of discoveries has led to significant breakthroughs for the human PBDs. First, the use of genetically manipulable organisms, such as yeasts, led to the isolation of numerous pex mutants and to the characterization of 23 PEX genes. Second, the genome sequencing efforts and sequence alignment programs enabled the search for homologs in higher eukaryotes (102) . Third, the remarkable conservation of the mechanism of peroxisome biogenesis led to the identification of many mammalian PEX genes, supplanting the more cumbersome functional complementation strategy (100). These advances have led in just 7 years to the discovery that at least 13 of 23 PEX genes are conserved in humans. More impressive is the fact that 10 of 13 human PEX genes are implicated in the human PBDs (Table 1) . Human homologs have been described for three other PEX genes, PEX3, PEX11, and PEX14, but these have not yet been connected to human disease (36, 64, 77, 103, 104) . There are few areas of biology in which so many disease genes have been defined so rapidly, primarily based on conservation of a biological process. It should be comforting to patients and clinicians that the molecular basis of most of the human PBDs will be understood soon.
Disorders Resulting from Mutations in Proteins Other Than Peroxins
Phenomenal progress has also been made in the elucidation of the molecular basis of other disorders in which peroxisomal enzymes, and not PEX genes, are affected ( Table 2 ). Many of these diseases are caused by deficiencies in lipid
